ABSTRACT. A compilation of 68 studies from throughout many of the world's mountain belts reveals an empirically consistent and linear relationship between change in elevation and change in the isotopic composition of precipitation along altitudinal transects. The isotopic composition of precipitation decreases linearly with increasing elevation in most regions of the world except in the Himalayas and at elevations >5000 m. There are no significant differences in isotopic lapse rates from most regions of the world (ϳ0.28 permil/100 m) except at the extreme latitudes where isotopic lapse rates are higher. Given information on past changes in the isotopic composition of precipitation preserved in pedogenic or authigenic minerals, this global isotopic lapse rate can be used to place numerical constraints on the topographic development of some ancient mountain belts or plateaus.
. Raw data for all studies used in this paper. Studies from North America Europe, Central and South America, and the Himalayas are grouped together. In addition, studies from extreme northern and southern latitudes (Ͼ70°) and studies from exclusively high altitudes (Ͼϳ5000 m) are grouped together. Note that there is some overlap between groups as several studies fall into more than one category. The average r 2 value for each category is shown as r2 and provides a sense of the linearity of individual studies in each group. air mass rises orographically and rains out moisture, though there are numerous other factors that can modify an air mass's isotopic distillation profile. As a result, in regions of a single dominant moisture source, precipitation and surface waters at high elevations or on the lee side of mountain ranges are often strongly depleted in 18 O and D as compared to waters on the windward side. The altitude effect is most often expressed as an isotopic lapse rate and given as a permil change in ␦ 18 O or ␦D of precipitation per 100 m of elevation change.
This relationship can be and has been exploited to infer elevation changes of mountain ranges (Kolodny and Luz, 1991; Lawrence and Rashkes Meaux, 1993; Chamberlain and others, 1999; Dettman and others, 2000) . In an earlier paper , we showed that the change in ␦ 18 O of authigenic minerals in chronosequences exposed within rainshadows of mountain ranges can in principle be used to constrain both the timing and the historical net elevation change of mountain ranges. Compiling ␦ 18 O data from precipitation and surface waters throughout the globe, we showed that there is a near linear empirical relationship between the change in oxygen isotopes (⌬␦ 18 O) and change in elevation (figure 1 of Chamberlain and Poage, 2000) . Using this empirical isotopic lapse rate and measuring the isotopic composition of near-surface formed minerals as a proxy for changes in the ancient isotopic composition of precipitation, we were able to place constraints on the topographic histories of the Southern Alps of New Zealand and the Sierra Nevada of California.
In this paper, we expand the empirical relationship between elevation and ␦ 18 O of precipitation and surface water to include 68 data sets collected throughout the world and compare isotopic lapse rates from different geographic regions of the world, as well as at high altitudes and extreme latitudes. In addition, we consider the role of temperature changes in the interpretation of stable isotope data from different mineral proxies formed in either the rainshadow of an emerging mountain belt or atop an uplifting surface such as the Tibetan Plateau. Herein we show that: (1) isotopic lapse rates are fairly consistent across much of the world and are better constrained at elevations less than ϳ5000 m; (2) isotopic lapse rates are generally higher at latitudes greater than 70°; (3) with appropriate assumptions, changes in the stable isotopes of authigenic or pedogenic minerals from the geologic record can be used to semiquantitatively determine changes in mountain range elevation but are likely less useful for constraining absolute paleoelevations; and (4) samples for paleoelevation studies taken from atop an uplifting surface may be more difficult to interpret because of mean annual surface temperature changes occurring simultaneously with surface uplift.
empirical relationship between stable isotopes in waters and elevation Ideally, it would be possible to combine all variables affecting the isotopic composition of precipitation into a numerical model characterizing modern ␦ 18 O precipitation as a function of absolute elevation or elevation change. Given sufficient information about the ancient input parameters to such a model, past absolute elevations or changes in elevation of mountain ranges or plateaus might then be inferred from isotopic information preserved in the geologic record. However, our numerical understanding of all the processes and factors influencing ␦ 18 O precipitation in the modern setting is limited, and many of these parameters were essentially unconstrained in the past. For example, the degree to which moisture is recycled by evapotranspiration is difficult to quantify in both the modern or ancient setting but may be very important in understanding changes in the isotopic composition of precipitation derived from an air mass moving across an orographic barrier (Ingraham and Craig, 1993 ).
An alternative approach in using stable isotopes to constrain changes in paleoelevation is to establish a modern global empirical relationship between ␦ 18 O of precipitation (or waters derived directly from precipitation) and both absolute elevation and elevation differences and assume that the total variation in this relationship has remained constant through geologic time. With respect to interpreting paleoelevation changes, this assumption limits the need to characterize changes in ancient model parameters and allows for interpretation of isotopic information from the geologic record within the framework of modern ␦
18
O precipitation versus elevation relationships. That said, however, it is highly unlikely that the physical processes governing isotope fractionation in a rising air mass in the past differs from that of today. What may and has changed in the past are global mean temperature and precipitation sources, which must be considered in any isotope paleoelevation study.
Numerous studies have characterized the relationship between elevation and the stable isotope composition of precipitation or meteorically derived waters (see fig. 1 ). The intent was to amass as much information as possible about elevation-isotope relationships in the modern setting in order to aid interpretation of isotope data from the geologic record. We focused our compilation on studies of meteoric waters along altitudinal transects though we included studies sampling surface waters or shallow groundwater which are derived from precipitation. We avoided using data from the International Atomic Energy Agency-Global Network of Isotopes in Precipitation (IAEA-GNIP). Because IAEA-GNIP samples are taken over a wide geographic region, comparison of stable isotope versus elevation relationships between sites is complicated by numerous factors such as the continentality effect (Dansgaard, 1964) , variation of absolute isotopic values with latitude, and differences in the source of precipitation.
The ␦
O values of precipitation/surface waters and corresponding altitude for the 68 transects are shown in figure 1. Included in table 1 are the types of samples (rain, snow, firn, surface water, groundwater), approximate latitude, elevation range of the transect, the change in ␦ 18 O (⌬␦ 18 O) along the regression line between the minimum and maximum elevation, and the calculated isotopic lapse rate from the ⌬␦ 18 O and net elevation. In studies where only ␦D data were presented, we converted ␦D to ␦ 18 O using the expression for the global meteoric water line: ␦Dϭ8␦ 18 Oϩ10 (Craig, 1961) . To assess geographic similarities and differences in the relationship between ␦
O values of surface waters/precipitation, we grouped these studies by geographic region (North America, Central and South America, Europe, and the Himalaya), extreme latitude (Ͼ70°either north or south), and high altitude (Ͼ5000 m). Studies shown in figure 1 are cross-referenced to table 1 by the assigned number.
As expected, in all but two studies (#31 and #60) there is a systematic decrease in the ␦
O of meteorically derived waters with increasing elevation. Of particular significance in the application of stable isotopes to paleoelevation studies is the fact that there is wide variability in the ␦
O of precipitation or surface waters at a particular elevation. Similarly, there is a wide range of elevations at which precipitation of a particular ␦
O can fall. Some of this variation is likely due to seasonal variations of sampling for particular studies and the fact that individual studies do not necessarily represent annually averaged isotopic compositions for precipitation. Nevertheless, it does suggest that our limited ability to empirically constrain the modern isotopic composition of precipitation at a specific absolute elevation itself limits the practicality of using stable isotopes as an indicator of absolute paleoelevation.
In most individual studies this observed ␦ 18 O versus elevation relationship is close to linear over the sampled elevation range. The r 2 value for each study is reported in table 1, and to provide a sense of how consistently linear the ␦ 18 O versus elevation relationship is in individual studies, the mean r 2 value for each grouping is shown as r2 on figure 1. Only in rare individual cases does a polynomial fit produce a significantly better r 2 than simple linear regression. Note in the cases of North America and Central and South America, studies that also fell into either the High Altitude or Extreme Latitude grouping were not used in the calculation of r2 . In all groupings except the Himalayan and High Altitude groups (between which there is significant overlap), the average r 2 value is 0.70 or higher. The fact that this ␦ 18 O versus elevation relationship appears linear over much of the world indicates that the combination of processes dominantly responsible for isotopic distillation during rainout behave linearly over much of the world, at least within the precision of the studies we considered.
In both the Himalaya and High Altitude (Ͼ5000 m) groupings there is significantly more scatter about individual regression lines indicating an increased complexity of modern precipitation patterns in both the High Himalaya and Peruvian Andes.
We are unsure what causes the wide variability in ␦
18 O values at high elevations, however it has been suggested that this variation may be due to post-depositional changes in snow (Niewodniczanski and others, 1981) or even the addition of a secondary source of moisture from the upper troposphere (Holdsworth and Fogarasi, 1991) .
Because the modern ␦
O versus elevation relationship in most studies is close to linear, isotopic lapse rates can be calculated and compared for different parts of the world. Two methods for calculating average lapse rates yield results within 0.04permil/ 100 m of each other and involve either (1) taking the arithmetic mean of the lapse rates from all studies in a given region or, (2) plotting ⌬␦ 18 O versus elevation difference for each study and using the slope of the regression line forced through the origin as a regional isotopic lapse rate as shown in figure 2. The slopes of the regression lines are Ϫ0.27, Ϫ0.30, and Ϫ0.21permil/100 m for the North America, Central and South America, and Europe groupings respectively. The averaged lapse rates are statistically indistinguishable for the North America, Central and South America, and Europe groupings: Ϫ0.31, Ϫ0.27permil/100 m, and Ϫ0.24permil/100 m, respectively. Note that studies shown in figure 1 that fall into the High Altitude or Extreme Latitude group were not used in these calculations.
A similar plot for the Extreme Latitude shows significantly greater lapse rates of Ϫ1.14 and Ϫ0.64permil/100 m for extreme north and south latitudes respectively. Studies from the Himalaya have a similar average lapse rate of Ϫ0.24permil/100 m, though the generally poor r 2 ( r2 ϭ0.36) values of individual studies limit the usefulness and validity of this statistic. The High Altitude grouping (including Himalayan studies) has a higher mean isotopic lapse rate of Ϫ0.41permil/100 m, though again, low r 2 values of individual studies limit the usefulness of this number. Statistically, there is no significant difference between the averaged lapse rates of any pair of groupings except the Extreme Latitude group which, at 95 percent confidence, is significantly higher than all other groupings.
Considering only studies from North America, Central and South America, and Europe together with other low altitude studies ("Others" in table 1) that did not fit into any specific geographic grouping, an estimate of an isotopic lapse rate that has more global implications can be made. These are plotted as the Compilation dataset in figure 2 and show a near linear relationship between the net elevation of each study and the change in the isotopic composition of waters sampled in that study. The slope of the regression line (r 2 ϭ0.80) through these points suggests a "global isotopic lapse rate" of Ϫ0.28permil/100 m which is Ϫ0.07permil different from our previous estimate (Ϫ0.21permil/100 m; Chamberlain and Poage, 2000) . Note that the best second-order polynomial fit shown in figure 2 has an approximately equal r 2 value, and thus for practical purposes, the global empirical relationship between ⌬␦ 18 O precipitation and net elevation change below ϳ5000 m can be modeled as essentially linear.
This relationship provides a framework for interpreting changes in the isotopic composition of proxy minerals from the geologic record in terms of net elevation change of a mountain range and consequent increased isotopic distillation of air masses forced over that range. Assuming an accurate assessment of historical changes in ␦
O precipitation associated with changing rainout conditions, using this model to estimate mountain or plateau surface uplift requires an estimation of the predictive precision of this linear regression. The Compilation plot of figure 2 shows the 1 standard error envelope calculated by conventional error approximation methods for an individual measurement of ⌬␦ 18 O precipitation (Miller and Miller, 1993, p. 113) . These standard error curves suggests that despite a good statistical correlation between ⌬␦ 18 O precipitation and elevation in the modern environment, the statistical usefulness of this correlation for paleoelevation change studies is restricted to mountain belts with historically large elevation changes.
We emphasize that this model is strictly empirical and as such assimilates most of the modern global variation in processes influencing the relationship between the isotopic composition of precipitation and elevation change. That (1) the relationship between the ␦ 18 O of meteorically derived waters and elevation is approximately linear in most studies, and (2) most isotopic lapse rates from elevations below 5000 m fall within a narrow range warrants some comparison to simple Rayleigh distillation models (Dansgaard, 1964; Pierrehumbert, 1999) .
At present there are few numerical models that describe the relationship between altitude and the isotopic composition of precipitation. Dansgaard (1964) provides the simplest isotopic rainout model of an air mass experiencing moist adiabatic cooling. This model is based on temperature controlled Rayleigh distillation and is approximately analogous to an air mass rising over an orographic barrier. Though modeled isotopic distillation curves (⌬␦ 18 O precipitation per°C cooling) are not mathematically linear, over temperature changes of Ͻ20°C, they are very close to linear. For example, air masses with initial temperatures of 0°and 20°C will average a change in the isotopic composition of precipitation of 0.64 and 0.33 permil/°C, respectively, over 20°C of cooling (Dansgaard, 1964) . However, translating this into a change in ␦ 18 O precipitation with change in elevation is complicated by (1) the strong dependence of isotopic distillation rate on initial air mass temperature, (2) the fact that moist adiabatic lapse rates governing the temperature change of rising saturated air mass are dependent on both initial temperature and absolute elevation (Ahrens, 1994) , and (3) the fact that moist adiabatic lapse rates are not mathematically linear. Using approximate moist adiabatic lapse rates of Ϫ7.5 and Ϫ5.5°C/1000 m for air masses with initial temperatures of 0 and 20°C respectively (Ahrens, 1994) will result in calculated isotopic lapse rates of Ϫ0.48 and Ϫ0.18 permil/100 m for elevations below 4000 m. These isotopic lapse rates are similar to those determined in a Rayleigh model specific for the Andes (Pierrehumbert, 1999) . Calculated average isotopic lapse rates up to ϳ4000 m varied from Ϫ0.45 permil/100 m for an air mass with an initial temperature of 7°C to Ϫ0.13 permil/100 m for an initial temperature of 25°C (Pierrehumbert, 1999) . Above this altitude the isotopic lapse rates increased dramatically.
These numerical results generally bracket the majority of observed isotopic lapse rates from the individual studies as well as the compiled global isotopic lapse rate. It is unknown why isotopic lapse rates should fall into such a narrow range over most of the world's mountain belts but likely reflects the dominance of temperature/elevation controlled isotopic distillation in controlling ␦ 18 O precipitation changes. Alternatively, it may reflect a combination of other factors that systematically modify the effects of temperature-controlled Rayleigh distillation. We also suggest that the observed linear relationship between the isotopic composition of meteorically derived waters and elevation in most studies may in part be explained by the approximate though not mathematical linearity in both moist adiabatic lapse rates, and the ␦ 18 O precipitation versus temperature relationship in an ideal air mass undergoing moist adiabatic cooling.
sampling location and mineralogic considerations
Above, we assess the nature of the relationship between absolute elevation, net elevation differences, and changes in the isotopic composition of precipitation. From this we suggest that changes in the isotopic composition of precipitation through time as recorded in the geologic record are more suited to assessing changes in elevation rather than absolute elevation of ancient mountain belts. Developing an understanding of a mountain range's ancient history, however, requires generation and preservation of a measureable proxy from which to assess changes in ancient precipitation. Numerous studies have used changes in the isotopic composition of minerals formed in the soil or near surface environment and preserved in the sedimentary record as a proxy for historic changes in the isotopic composition of precipitation, soil water, or groundwater. Commonly used minerals formed in the soil or near surface environment include calcite (Cerling and Quade, 1993) , smectite (Stern and others, 1997) , goethite (Yapp, 1993; Poage and others, 2000) , and kaolinite (Lawrence and Rashkes Meaux, 1993; Chamberlain and others, 1999) . The use of mineral proxies is not without complications, however, as many other factors in addition to changes in ␦
18
O precipitation can influence the isotopic composition of these minerals. Many of these confounding factors are difficult to isolate; for example, changes in seasonal moisture sources may easily be mistaken for a change in the isotopic composition of a single moisture source. In addition, understanding the timing of mineral formation with respect to the timing of mountain building is of utmost importance in these studies. If authigenic minerals form on the order of 10 5 yrs than they should record information on large-scale tectonic processes that take place on the order of 10 6 yrs. Although no one has quantitatively determined the rate of authigenic mineral formation in the shallow subsurface, numerous empirical studies show that authigenic and pedogenic minerals form on time scales sufficiently short to record tectonic processes (Cerling and Quade, 1993; Chamberlain and others, 1999) .
The isotopic composition of pedogenic or authigenic minerals depends upon the isotopic composition of the water from which it forms as well as the temperature at which it forms. In this sense it is very important to consider that surface temperature change may be coupled with elevation change and that this surface temperature change may modify the isotopic record produced by changing ␦ 18 O precipitation (Savin and Hsieh, 1998) . As mineral-water fractionation factors depend upon absolute temperature and do not vary linearly with temperature, assessing the isotopic effect of changing mineral formation temperatures, in principle, requires a priori knowledge of absolute temperatures. This problem can be circumvented by assuming that mineralwater fractionation factors vary linearly across a reasonable range of earth surface temperatures, allowing for estimation of changes in mineral-water fractionation based on temperature changes rather than absolute temperatures. Linearization of mineralwater fractionation for the common pedogenic minerals calcite, smectite, kaolinite, and goethite over the temperature range from 0°to 30°C yields slopes of approx Ϫ0.233, Ϫ0.217, Ϫ0.163, and Ϫ0.137 permil/°C respectively ( figure 3A) . This simplification limits the need to have independent knowledge of absolute mineral formation temperatures and introduces minimal error of Ͻϳ0.2 permil in assessing the effects of temperature changes on the isotopic composition of near surface formed minerals.
Mineral-water fractionations for the various proxy minerals respond to temperature changes differently, suggesting that some minerals may be more useful than others in resolving the isotopic effects of elevation changes. For example, goethite and kaolinite show a lesser degree of sensitivity to temperature changes than calcite and smectite ( fig. 3B ). Therefore, in cases where changes in mineral formation temperature must be considered goethite and kaolinite will more accurately record isotopic changes in precipitation.
Consideration of coupled elevation-temperature changes is particularly relevant in the case where samples are taken from the top of an uplifted mountain range or plateau where the temperature at which proxy minerals formed is expected to have changed with absolute elevation changes through the period of surficial uplift. Assuming that a change in mean annual temperature associated with elevation change translates into a similar magnitude change in temperature of mineral formation, the isotopic change recorded by a particular proxy mineral will be influenced by: (1) the magnitude of elevation change of the mountain range or plateau, (2) the temperature lapse rate with respect to elevation, and (3) changes in mineral-water fractionation factor brought on by the temperature change. Figure 3B shows a plot of the predicted ⌬␦ 18 O mineral versus elevation change for hypothetical samples taken on top of an uplifting surface factoring in an estimated temperature lapse rate of Ϫ6.5°C/1000 m (Ahrens, 1994) . We recognize that temperature lapse rates are likely to vary globally, but for purposes of illustration we have chosen to use the standard tropospheric lapse rate of Ϫ6.5°C/1000 m. In this calculation we also assume that (1) surface temperature change translates directly into an equal change in the temperature of mineral formation, and (2) no other variable other than mean annual temperature and changes in ␦ 18 O precipitation due to isotopic distillation affect the ␦
O of the proxy mineral. For reference, the dashed line in figure 3B shows the estimated isotopic depletion of precipitation resulting from Fig. 3(A) shows approximate changes in the 1000ln␣ mineral-water with change in temperature for calcite (Friedman and O'Neil, 1977) , smectite (Savin and Lee, 1988) , kaolinite (Savin and Lee, 1988) , and goethite (Yapp, 1990) . Fractionation factors for individual minerals were linearized over a reasonable range of earth surface temperatures to limit the need to know absolute temperature differences. Lines in B show the calculated change in ␦ 18 O of a particular mineral with change in elevation for samples taken on an uplifting surface and taking into consideration 6.5°C change in mineral formation temperature per kilometer of surface uplift. For comparison, the dotted line shows the expected change in ␦ 18 O of precipitation associated with elevation change. Cϭcalcite, Sϭsmectite, Kϭkaolinite, Gϭgoethite, Pϭprecipitation. altitude induced rainout. Figure 3B shows a significant dampening of the expected change in the isotopic composition of the common proxy minerals as compared to the expected change in the isotopic composition of precipitation. In this case kaolinite and goethite preserve more of the expected change in ␦ 18 O precipitation as compared to smectite and calcite. In all cases, neglecting the temperature change when interpreting changes in ␦ 18 O of a proxy mineral will result in underestimation of surface uplift. The isotopic effects of altitude induced temperature changes can be substantial, suggesting that the isotopic composition of samples taken in the rainshadow of a developing mountain range may be a more sensitive indicator of paleoelevation change than the isotopic composition of minerals taken from atop the uplifting surface. Samples from the rainshadow side of a mountain range may not be directly affected by temperature changes associated with elevation change; however, they are subject to other influences that can confound interpretation. As a rainshadow develops, increased evaporation may shift the isotopic composition of soil or groundwater to higher ␦
O values which may also result in underestimation of elevation change. Similarly, the emerging rainshadow may result in a mean annual surface temperature change which in turn may further complicate interpretation. These effects are difficult to assess quantitatively and must be considered on a case by case basis.
There are clearly many other factors that influence the ␦ 18 O of pedogenic or authigenic minerals regardless of sample location. In this sense, calculations presented here cannot accurately represent the complexities of the natural system. Many of these factors are specific to either particular mountain belts or particular periods in geologic history and must be considered as individual cases. For example, changes in precipitation source or shifts in regional and local climate resulting from mountain or plateau uplift, global temperature changes, or changes in the isotopic composition of the world ocean can all influence the ␦
O of precipitation and surface waters and thus the ␦
O values of authigenic minerals. We emphasize here the role of changes in mineral formation temperature associated with samples taken from a rising surface because of its likelihood to significantly affect the apparent change in the isotopic composition of precipitation and complicate interpretation of paleoelevation changes. This suggests that the geographic position of the sampling site with respect to a rising mountain belt is an important consideration and can exert some additional interpretive difficulties.
conclusions

Analysis of the relationship between ␦
18
O precipitation and elevation from 68 altitudinal transects reveals consistently linear decreases in ␦ 18 O precipitation with increasing elevation throughout much of the world. The exceptions to this are studies at elevations greater than 5000 m and studies from the Himalayas, both of which show significant departure from linearity. Despite the consistent linearity of this relationship within a given study, there is little correlation between ␦ 18 O precipitation and absolute elevation, limiting the usefulness of stable isotopes of pedogenic or authigenic minerals in studies of absolute paleoelevation. The slopes of the regression lines for each study define a local isotopic lapse rate. These isotopic lapse rates fall within a narrow range for many regions of the world, with the exception of the extreme latitudes where the magnitude of ␦
O precipitation change with elevation change is significantly higher. Collectively, these local isotopic lapse rates define a global isotopic lapse rate that can be used to semiquantitatively estimate changes in paleoelevation of a mountain range or plateau given reasonable estimation of changes in ␦ 18 O precipitation from a suitable isotopic proxy mineral. Quantifying historical elevation changes of mountain ranges based on changes in ␦
O precipitation also depends upon changes in the temperature at which the isotopic proxy mineral forms. As such, sample location and the mineral specific dependence of isotope fractionation on temperature must be considered when interpreting paleoelevation changes based on stable isotopes of near-surface formed minerals. acknowledgments This manuscript benefited from thoughtful reviews by Henry Fricke as well as three anonymous reviewers. We thank Xiahong Feng and Stefan Sturup for useful discussions and ideas with respect to this manuscript. This research was supported by NSF grant EAR-0001208 to Chamberlain and Poage. 
